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THE NASA AMES RESEARCH CENTER ONE- AND TWO-DIMENSIONAL STRATOSPHERIC MODELS 

PART I: THE ONE-DIMENSIONAL MODEL 

R. P .  Turco 

R and D Assoc ia t e s  

and 

R. C. Whitten 

Ames Research Center  

SUMMARY 

A one-dimensional model of s t r a t o s p h e r i c  t race c o n s t i t u e n t s ,  developed 
i n  a j o i n t  e f f o r t  by s c i e n t i s t s  a t  Ames Research Center  and a t  R and D 
Assoc ia t e s ,  i s  d e s c r i b e d  i n  d e t a i l .  S p e c i f i c a l l y ,  t h e  numerical  s o l u t i o n  
of t h e  s p e c i e s  c o n t i n u i t y  e q u a t i o n s ,  i n c l u d i n g  a t echn ique  f o r  t r e a t i n g  
t h e  " s t i f f "  d i f f e r e n t i a l  equa t ions  r e p r e s e n t i n g  t h e  chemical  k i n e t i c  t e r m s ,  
and an a p p r o p r i a t e  method f o r  s i m u l a t i n g  t h e  d i u r n a l  v a r i a t i o n  of t h e  s p e c i e s  
c o n c e n t r a t i o n s ,  are d i scussed .  A s p e c i a l i z e d  t r ea tmen t  of a tmospher ic  
p h o t o d i s s o c i a t i o n  rates is  o u t l i n e d  i n  t h e  t e x t .  The cho ice  of a v e r t i c a l  
eddy d i f f u s i v i t y  p r o f i l e  and i t s  success  i n  p r e d i c t i n g  t h e  ver t ica l  tracer 
d i s t r i b u t i o n s  (carbon 1 4 ,  methane, and n i t r o u s  ox ide )  are  a l s o  d i scussed .  

INTRODUCTION 

I n  t h i s  r e p o r t  w e  d e s c r i b e  a one-dimensional a tmospher ic  computer 
model. Although many of t h e  t e c h n i c a l  d e t a i l s  are p resen ted  h e r e ,  a deeper  
i n s i g h t  i n t o  t h e  model can be  ob ta ined  from several s p e c i a l i z e d  pape r s :  
t h e  numer ica l  i n t e g r a t i o n  scheme ( r e f .  11, t h e  c a l c u l a t i o n  of pho tod i s soc ia -  
t i o n  rates ( r e f .  2 ) ,  and t h e  t r ea tmen t  of d i u r n a l  ave rag ing  (ref.  3 ) .  To b e  
c o n c i s e  i n  t h i s  r e p o r t ,  w e  emphasize t h e  s t r u c t u r e  and phi losophy of t h e  
model, and w e  avoid  d e t a i l e d  t a b l e s  of p h y s i c a l  d a t a  such  as p h o t o d i s s o c i a t i o n  
c r o s s  s e c t i o n s  which do n o t  a f f e c t  t h e  model performance. W e  a l s o  stress 
t h o s e  c h a r a c t e r i s t i c s  of t h e  model t h a t  d i f f e r e n t i a t e  i t  from o t h e r  models. 
To complement t h i s  review w e  r e f e r  t h e  r e a d e r  t o  several p u b l i c a t i o n s  t h a t  
i l l u s t r a t e  s p e c i f i c  model s i m u l a t i o n s  o f :  carbon compounds i n  t h e  s t r a t o -  
s p h e r e  and mesosphere ( r e f .  4 ) ;  supe r son ic  t r a n s p o r t  exhaus t  contaminat ion  
a t  h igh  a l t i t u d e s  ( r e f .  5 ) ;  t h e  d i u r n a l  v a r i a t i o n s  of hydrogen and n i t r o g e n  
compounds i n  t h e  s t r a t o s p h e r e  ( r e f .  6 ) ;  t h e  envi ronmenta l  impact of  hydrogen 
c h l o r i d e  r e l e a s e d  d u r i n g  space  s h u t t l e  f l i g h t s  ( r e f .  7 ) ;  t h e  effects  on ozone 
o f  n i t r o g e n  ox ides  gene ra t ed  by a n u c l e a r  w a r  ( r e f .  8) ; f luorocarbon deple-  
t i o n s  o f  g l o b a l  ozone ( r e f .  9 ) ,  and t h e  format ion  and e v o l u t i o n  of  s t r a t o -  
s p h e r i c  a e r o s o l  pa r t i c l e s  ( r e f .  10). 



SPECIES CONTINUITY EQUATIONS 

The fundamental physical basis for all one-dimensional atmospheric 
models is the set of species continuity equations 

an. a Oi - -  - P i - n L  - -  2 i = 1, 2, . . ., I a t  i i  az 

where t is the time (sec) and z the altitude (cm), and ni  is the species 
concentration ( ~ m - ~ )  (molecule units are suppressed). The terms P and L are 
photochemical production ( ~ m - ~  sec-l) and loss (sec-l) rates, respectively, 
and According to Colegrove 
et al. (ref. ll), we can write the species flux (ignoring thermal diffusion) 
as 

is the vertical particle flux (cm-2 sec-l). 

~a 
% = - - -  Y az 

is the In (2), K 
molecular diffusion coefficient (cm2 sec-l) for a species in air. The 
atmospheric scaling factor, y, is a function of the air number density 
M (~m-~), 

Di is the eddy diffusion coefficient (em2 sec-I), and 

( 3 )  
MO 

Y b )  = - M(z)  

where Mo is the number density at a reference height, z0. The scaling 
factor, y, can also be related to the pressure scale height, H (cm), and 
air temperature, T (K), using the hydrostatic equation and the ideal gas 
law: 

( 4 )  

The scale height is a function of temperature, 

T 
m9 

H = k  (5) 

where kB is Boltzmann's constant (g cm2 sec-* K'), g is the gravitational 
acceleration (cm sec-2) in the lower atmosphere, assumed to be constant with 
height, and m is the average mass of an air molecule fg), equivalent to 
about 29 amu in well-mixed air. 
adopted atmospheric structure parameters, M and T ,  we also calculate y using 
( 4 )  and require the results to be within about 10 percent of those from ( 3 ) .  

- 
As a check on the consistency of our 
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Moreover, t h e  a l t i t u d e  of t h e  change i n  t h e  tempera ture  l a p s e  r a t e  i n  t h e  
lower s t r a t o s p h e r e  is c o r r e l a t e d  w i t h  t h e  t ropopause  h e i g h t  implied by t h e  
minimum i n  t h e  eddy d i f f u s i o n  p r o f i l e .  

The s p e c i e s  scale h e i g h t ,  Hi (cm) i n  ( 2 ) ,  l i k e  H, is  de f ined  by 

T 
Hi = k B  

2. 

where mi i s  t h e  s p e c i e s  m a s s  (9 ) .  Molecular  d i f f u s i o n  i s  only  impor tan t  
above t h e  “turbopausel’  a t  about  100 km. I n  our  model, w e  u se  t h e  lower 
thermospheric  r e g i o n  between 90 and 1.20 km as a b u f f e r  zone t o  i n s u l a t e  t h e  
numer ica l  s o l u t i o n s  from upper boundary e f f e c t s .  Accordingly,  w e  have 
adopted one molecular  d i f f u s i o n  c o e f f i c i e n t  f o r  a l l  of t h e  s p e c i e s ,  and as a 
convenience,  w e  d e f i n e  i t  by 

- 
D = v H y  (7) D 

where V D  is  a f i x e d  d i f f u s i o n  v e l o c i t y .  Equat ion ( 7 )  imp l i e s  a dependence 
of D on tempera ture  and p r e s s u r e ,  p ,  which i s  D a T 2 / p ;  t h i s  dependence 
is  a c t u a l l y  very  c l o s e  t o  r e a l i t y  ( r e f .  11). W e  have normalized D t o  a 
v a l u e  of 1 . 5  x lo7 (cm2 s e c - l )  a t  1 2 0  km, a t y p i c a l  v a l u e  f o r  a tomic oxygen 
a t  t h i s  he igh t  ( e .g . ,  see r e f .  11). Molecular  d i f f u s i o n  i s  completely 
n e g l i g i b l e  i n  t h e  s t r a t o s p h e r e  - indeed ,  most s t r a t o s p h e r i c  models i g n o r e  i t  
a l t o g e t h e r .  

When w e  f i r s t  began s o l v i n g  a tmospher ic  c o n t i n u i t y  equa t ions  w e  found 
t h a t  by s c a l i n g  t h e  s p e c i e s  c o n c e n t r a t i o n s  i n t o  mixing r a t i o s  us ing  y ,  w e  
could e f f e c t i v e l y  reduce  d i f f u s i o n  g r a d i e n t s  and o b t a i n  g r e a t e r  numer ica l  
s t a b i l i t y  and accuracy .  Hence, i n  our  a n a l y s i s  w e  u s e  s p e c i e s  mixing 
d e n s i t i e s  de f ined  as  

where y can b e  normalized t o  any v a l u e  (we set  y = 1 a t  our  lower 
boundary).  The s p e c i e s  f l u x  equa t ions  then  become: 

w i t h  

i m 
i E  

p = -  

Accordingly,  w e  can  recast  t h e  s p e c i e s  c o n t i n u i t y  equa t ion  (1) i n t o  t h e  form, 
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where Pi and Li 
r a t i o s .  

are eva lua ted  us ing  s p e c i e s  c o n c e n t r a t i o n s ,  n o t  mixing 

A t  t h e  o u t s e t  of our  s t r a t o s p h e r i c  s t u d i e s  a lmost  6 y e a r s  ago,  w e  
noted t h a t  t h e  s o l u t i o n s  of t h e  s p e c i e s  c o n t i n u i t y  equa t ions  u s i n g  approxi -  
m a t e ,  b u t  v e r y  s t a b l e  and e f f i c i e n t ,  numer ica l  i n t e g r a t i o n  schemes could  
l e a d  t o  t h e  v i o l a t i o n  of m a s s  c o n s e r v a t i o n  w i t h i n  groups of r e l a t e d  s p e c i e s  
such as t h e  n i t r o g e n  ox ides  (NO, N 0 2 ,  NO , N205, HNO,, HN03). 
t h i s  problem by developing  a g e n e r a l  t e c z n i q u e  t h a t  a c c u r a t e l y  moni tors  t h e  
t o t a l  c o n c e n t r a t i o n s  of n e a r l y  conserved sets, o r  f a m i l i e s ,  of compounds 
( r e f .  1 ) ;  a c t u a l l y ,  t h e  concept of aeronomic f a m i l i e s  has  a long h i s t o r y  i n  
t h e  pub l i shed  l i t e r a t u r e .  Our t echn ique  is  based on a n  e q u i v a l e n t  c o n t i n u i t y  
equa t ion  f o r  an e n t i r e  f ami ly  of gases  which w e  o b t a i n  by summing t h e  
c o n t i n u i t y  e q u a t i o n s  of a l l  t h e  f ami ly  members a f t e r  each i s  m u l t i p l i e d  by an 
a p p r o p r i a t e  f a c t o r ,  ai, r e p r e s e n t i n g  t h e  weight  of t h e  s p e c i e s  - o r  t h e  number 
of odd-atoms of t h e  type  cons idered  - w i t h i n  t h e  f ami ly .  Thus, summing (1) 
f o r  a p a r t i c u l a r  set of s p e c i e s  w e  o b t a i n :  

W e  overcame 

R = 1, 2 ,  . . ., L a 
Psa - LSR - Y ; - =  

at 

where R i s  t h e  f a m i l y  index,  

x 

and {i},  i n d i c a t e s  t h e  s u b s e t  of s p e c i e s  i n  t h e  Rth f ami ly .  

The fami ly  f l u x ,  which fo l lows  from ( 9 ) ,  is 

V D S R ( P R  - 1 )  
(K + D) 

Y az 4R = - 

The f a c t o r  rR i n  (16)  is  a weighted average  v a l u e ,  
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which is n e a r l y  t i m e  i n v a r i a n t  s i n c e  t h e  r a t i o s  of s p e c i e s  c o n c e n t r a t i o n s  
w i t h i n  a f ami ly  are n e a r l y  c o n s t a n t  under most c o n d i t i o n s .  Obviously,  t h e  
s p e c i e s  boundary c o n d i t i o n s ,  which w e  d i s c u s s  la ter ,  are a l s o  a d d i t i v e  f o r  
f a m i l i e s  . 

What makes our  f ami ly  t echn ique  u s e f u l  i s  t h a t  t h e  n e t  photochemis t ry  
f o r  t h e  f ami ly ,  r e p r e s e n t e d  by Psa  - L s R  
slow p rocesses  which a f f e c t  t h e  t o t a l  f a m i l y  abundance and p rec ludes  t h e  
r a p i d  chemical i n t e r a c t i o n s  t h a t  occur  between t h e  f ami ly  members. Accord- 
i n g l y ,  t h e  summed c o n t i n u i t y  equa t ions  i n  (12) are i n h e r e n t l y  more s t a b l e  
t h a n  t h e  i n d i v i d u a l  s p e c i e s  c o n t i n u i t y  e q u a t i o n s ,  and t h e i r  s o l u t i o n  can b e  
made ve ry  a c c u r a t e .  Another u s e f u l  a s p e c t  of (12) i s  t h a t  t h e s e  e q u a t i o n s  
have t h e  same form as (11) and, as w e  w i l l  see later,  they  can be so lved  w i t h  
t h e  s a m e  numer ica l  a lgo r i thm.  

i n  (12) ,  u s u a l l y  c o n t a i n s  on ly  

Family c o n c e n t r a t i o n s  ob ta ined  from (12) are used t o  c o r r e c t  t h e  s p e c i e s  
abundances computed u s i n g  (11).  The f a m i l i e s  of s p e c i e s  t h a t  we  have u t i l i z e d  
i n  our  model are  g iven  i n  t a b l e  1 i n  t h e  h i e r a r c h i c a l  o r d e r  t h a t  they are 

~ 

TABLE 1.- FAMILIES OF SPECIES 

so lved  and a p p l i e d  t o  c o r r e c t  t h e  s p e c i e s  c o n c e n t r a t i o n s .  For example, HN03 
is  a member of t h e  hydrogen and n i t r o g e n  f a m i l i e s ,  b u t  i t  i s  a d j u s t e d  d u r i n g  
t h e  hydrogen c o r r e c t i o n  c y c l e  and remains f i x e d  d u r i n g  t h e  n i t r o g e n  c y c l e .  
Two types  of f a m i l i e s  are e a s i l y  r ecogn izab le :  one i n  which t h e  f a m i l y  

5 



members recombine i n  p a i r s  (hydrogen, n i t r o g e n ,  oxygen),  t h e  o t h e r  i n  which 
t h e  members recombine w i t h  s p e c i e s  o u t s i d e  of t h e  f ami ly ,  o r  do n o t  recombine 
a t  a l l  ( t h e  o t h e r  f a m i l i e s ) .  Fami l i e s  can a l s o  b e  c l a s s i f i e d  acco rd ing  t o  
t h e i r  i n t e r n a l  chemis t ry :  t h e  members of some f a m i l i e s  c y c l e  r a p i d l y  among 
themselves i n  r e a c t i o n  loops  (hydrogen, n i t r o g e n ,  oxygen, c h l o r i n e ) ,  w h i l e  
t h e  members of o t h e r  f a m i l i e s  r e a c t  i n  a cha in ,  one s p e c i e s  l e a d i n g  t o  t h e  
n e x t ,  from t h e  f a m i l y  sou rce  t o  i t s  s i n k  (carbon,  s u l f u r ) .  
t h a t  t h e  c o n s i d e r a t i o n  of f a m i l i e s  f o r c e s  one t o  i d e n t i f y  t h e  atom carr iers  
i n  aeronomic p r o c e s s e s .  For example, i n  t h e  oxygen f ami ly  w e  can r e a d i l y  
f i n d  r e a c t i o n s  t h a t  might n o t  seem t o  invo lve  oxygen atom t r a n s f e r  o r  
recombina t ion ,  b u t  a c t u a l l y  do; t h u s ,  t h e  r e a c t i o n  of C 1 0  w i t h  NO t o  form C 1  
and NO, does no t  i n v o l v e  any odd-oxygen p roduc t ion  o r  l o s s  acco rd ing  t o  ou r  
cr i ter ia  f o r  odd-oxygen ( s e e  t a b l e  1 ) .  

It i s  noteworthy 

The f ami ly  photochemical t e r m s  i n  (14) can  be  w r i t t e n  i n  two ways, 
depending on t h e  t y p e  of f ami ly  be ing  cons idered:  

- S;zsa 
f o r  f a m i l i e s  whose members recombine i n  p a i r s ,  and 

f o r  t h e  o t h e r  f a m i l i e s .  These r e l a t i o n s  are  l o g i c a l  e x t e n s i o n s  of t h e  
f a c t  t h a t  t h e  c o n c e n t r a t i o n s  of fami ly  members are u s u a l l y  f i x e d  f r a c t i o n s  
of t h e  t o t a l  f ami ly  c o n c e n t r a t i o n ,  a t  least  f o r  s h o r t  t i m e  p e r i o d s .  

There are two s imple  ways of c o r r e c t i n g  s p e c i e s  c o n c e n t r a t i o n s  us ing  
t h e  f ami ly  c o n c e n t r a t i o n .  I n  t h e  f i r s t ,  on ly  t h e  most abundant member of t h e  
fami ly  i s  a d j u s t e d  t o  b r i n g  i n t o  agreement t h e  q u a n t i t i e s  

I n  t h e  second method, a l l  of t h e  fami ly  members are s c a l e d  by t h e  r a t i o  

I n  t h e  fo l lowing  s e c t i o n  w e  d i s c u s s  our  a p p l i c a t i o n  of t h e  fami ly  c o r r e c t i o n  
scheme t o  our  f i n i t e  d i f f e r e n c e  s o l u t i o n s  f o r  t h e  s p e c i e s  c o n c e n t r a t i o n s .  

THE NUMERICAL SOLUTION OF THE SPECIES CONTINUITY EQUATIONS 

Before p r e s e n t i n g  our  d e t a i l e d  f i n i t e  d i f f e r e n c e  a n a l y s i s  of t h e  s p e c i e s  
c o n t i n u i t y  e q u a t i o n s ,  i t  is  a p p r o p r i a t e  t o  d e s c r i b e  t h e  b a s i c  mechanics of ou r  

6 



I 

computer model. The model ex tends  from 10 t o  120 km over  a 56-point a l t i t u d e  
g r i d  w i t h  a 2-km v e r t i c a l  spac ing .  
of 47 s p e c i e s  u s i n g  123 r e a c t i o n s  and 3 1  pho toprocesses .  Not a l l  of t h e  
s p e c i e s  are c u r r e n t l y  "active" ones i n  t h a t  t h e i r  c o n c e n t r a t i o n s  have been 
e f f e c t i v e l y  se t  t o  ze ro  f o r  c a l c u l a t i o n s  (e .g . ,  ammonia and t h e  bromine com- 
pounds). Data t h a t  w e  i n i t i a l i z e  i n  t h e  model are t h e  a tmospher ic  number 
d e n s i t y  and t empera tu re ,  v e r t i c a l  eddy d i f f u s i o n  c o e f f i c i e n t ,  and s p e c i e s  
c o n c e n t r a t i o n s .  The code i n t e r n a l l y  c a l c u l a t e s  chemical rate c o n s t a n t s  and 
p h o t o d i s s o c i a t i o n  ra tes  u s i n g  t a b u l a t e d  photochemical d a t a  (e.g. ,  r e a c t i o n  
ra te  a c t i v a t i o n  e n e r g i e s  and molecular  a b s o r p t i o n  c r o s s  s e c t i o n s ) .  

W e  p r e s e n t l y  compute t h e  c o n c e n t r a t i o n s  

The t i m e  s t e p  c o n t r o l  is managed as f o l l o w s :  f o r  nond iu rna l  c a l c u l a t i o n s ,  
t h e  i n i t i a l  t i m e  s t e p  T (which is u s u a l l y  t h e  minimum t i m e  s t e p  a l lowed)  is  
lo3 sec. A f t e r  each computation c y c l e ,  t h e  maximum f r a c t i o n a l  change i n  any 
of s e v e r a l  c r i t i c a l  s p e c i e s  ( 0 ,  0 3 ,  NO, NO,, H,  OH, HO,, CH3O2, CHkO,, SO,, 
C10,  HC1, B r O )  a t  any h e i g h t  i s  compared t o  a p r e s e t  l i m i t i n g  v a l u e  E 

( u s u a l l y  O.l), and i f  t h e  change is  more t h a n  E ,  T i s  ha lved;  i f  t h e  change 
is  more than t w i c e  E, t h e  computation c y c l e  i s  r e p e a t e d  u n t i l  e i t h e r  t h e  
f r a c t i o n a l  change i s  less t h a n  2~ o r  t h e  minimum t i m e ' s t e p  i s  reached .  When 
t h e  f r a c t i o n a l  change is  less than  ~ / 2 ,  T i s  i n c r e a s e d  by 25 p e r c e n t .  Once 
T 
change p e r  s t e p  is  less t h a n  ( ~ / 2 ) ( l O ~ / - r > ,  up t o  a maximum t i m e  s t e p  of 
l o 6  s e c .  
temporal g r i d  over  t h e  day w i t h  t h e  number of s t e p s  s p e c i f i e d  as an i n p u t  
( u s u a l l y  100 s t e p s . ) .  
24 h r  i n t o  t h e  r e q u i r e d  number of s t e p s  u s i n g  a we igh t ing  f u n c t i o n  

exceeds l o 5  sec, i t  i s  i n c r e a s e d  by 25 p e r c e n t  on ly  when t h e  f r a c t i o n a l  

For d i u r n a l  c y c l e  c a l c u l a t i o n s  t h e  t i m e  s t e p s  are f i x e d  i n  a 

The d i u r n a l  t i m e  increments  are c a l c u l a t e d  by d i v i d i n g  

f ( x >  = [0.08 + 0.92(1cos X I )  1/21 -1 

where x is t h e  s o l a r  z e n i t h  a n g l e  cor responding  t o  a g iven  t i m e  of t h e  
day. 

W e  w r i t e  t h e  c o n t i n u i t y  equa t ions  (11) i n  t h e  f i n i t e  d i f f e r e n c e  form: 

where s u b s c r i p t  i i s  t h e  s p e c i e s  index,  k i s  t h e  a l t i t u d e  level,  and 
s u p e r s c r i p t  j is  t h e  d i s c r e t e  t i m e  index. I n  o u r  n o t a t i o n ,  q u a n t i t i e s  t h a t  
are eva lua ted  a t  t h e  beginning  of a t i m e  s t e p ,  j ,  are " e x p l i c i t "  and are 
known, w h i l e  q u a n t i t i e s  which are eva lua ted  a t  t h e  end of  t h e  s t e p ,  t h a t  is, 
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a t  j + 1, are " i m p l i c i t "  and are t o  be determined du r ing  t h e  cour se  of t h e  
s o l u t i o n .  T h e . a l t i t u d e  increment i s  h(2x105 cm), and 7 r e p l a c e s  yP 
i n  (11). The d i f f u s i v e  f l u x  d ive rgence  i s  c a l c u l a t e d  u s i n g  f l u x e s  cen te red  
halfway between a l t i t u d e  levels;  t h i s  a s s u r e s  e x a c t  mass conse rva t ion  f o r  
v e r t i c a l  d i f f u s i o n .  The terms K, D, and y are computed a t  t h e  mid leve l  
p o i n t s ,  k + 4, u s i n g  a l o g a r i t h m i c  i n t e r p o l a t i o n ,  o r  e q u i v a l e n t l y ,  as 

Equat ion  (23) can be  pu t  i n  t h e  convenient  form, 

w i t h  

The s o l u t i o n  m a t r i x  f o r  t h e  p z  d+' 
s imple  and f a s t  t echn ique  f o r  i t s  i n v e r s i o n  ( e . g . ,  r e f .  1 2 ) .  The method 
is  based on a coup l ing  equa t ion  between t h e  s o l u t i o n  v a l u e s  a t  a d j a c e n t  
a l t i t u d e  l e v e l s ,  

i n  (25) i s  t r i d i a g o n a l ,  and t h e r e  i s  a 

S u b s t i t u t i o n  of ( 2 7 )  i n t o  ( 2 5 )  l e a d s  t o  t h e  r e c u r r e n c e  r e l a t i o n s h i p s  f o r  
U and V :  

If! zk  = -A.J(B!k Z J 
8 



To proceed wi th  our  f i n i t e  d i f f e r e n c e  s o l u t i o n ,  w e  must f i r s t  d i s c u s s  t h e  
s p e c i e s  boundary c o n d i t i o n s  i n  our model. 

For each s p e c i e s ,  w e  s p e c i f y  a lower boundary f l u x  $io and an 
upper boundary f l u x ,  $iu, which may be  f i x e d  o r  have a s p e c i f i e d  t i m e  
dependence. But a t  t h e  lower boundary w e  a l s o  i n c l u d e  a f l u x  component, 

by d e f i n i  
( i f  n B i  
boundary 

.ng t h e  "ve loc i ty"  a t  t h e  boundary, V B ~ ,  and c o n c e n t r a t i o n ,  n B i  

c o n d i t i o n  (29) ,  w e  u s u a l l y  set t h e  boundary v e l o c i t y ,  v B ,  t o  
i s  ze ro ,  ou r  code sets $ ~ i  = 0 a u t o m a t i c a l l y ) .  Whenever w e  u s e  

1 c m  sec-l, which is  a t y p i c a l  v a l u e  f o r  t h e  t roposphere .  
(29) i s  e q u i v a l e n t  t o  a s o l u t i o n  of  t h e  s t e a d y - s t a t e  s p e c i e s  c o n t i n u i t y  
equa t ion  between t h e  ground and t h e ' l o w e r  boundary a t  10 km us ing  known su r -  
f a c e  boundary c o n d i t i o n s  and t r o p o s p h e r i c  p r o c e s s  rates f o r  a p a r t i c u l a r  
c o n s t i t u e n t .  I n  o t h e r  words,  equa t ion  (29) e s t a b l i s h e s  a loose  connec t ion  
between t r o p o s p h e r i c  p rocesses  and t h e  s p e c i e s  boundary cond i t ions  a t  1 0  km. 
Hence, boundary c o n d i t i o n  (29) can be  used t o  summarize, i n  a s i m p l i f i e d  way, 
t h e  e f f e c t s  on s p e c i e s  c o n c e n t r a t i o n s  of t h e  chemis t ry  and motions i n  t h e  
lower atmosphere. Cons ider ing  t h e  c rudeness  of our  knowledge about  t ropo-  
s p h e r i c  aeronomy, a very  s imple  t r ea tmen t  of t r o p o s p h e r i c  p rocesses  i n  t h i s  
manner i s  c e r t a i n l y  a p p r o p r i a t e .  

The f l u x  c o n d i t i o n  

The use of boundary c o n d i t i o n  (29) f o r  long- l ived ,  well-mixed gases  
l i k e  C 0 2 ,  N 2 0 ,  and CH4 is  s t r a i g h t f o r w a r d  - w e  set  n B i  t o  t h e  c o n c e n t r a t i o n s  
w e  wish them t o  a t t a i n ,  and they  are  a d j u s t e d  a u t o m a t i c a l l y .  The ambient 
t roposphe re  i s  normally a n  e f f i c i e n t  s i n k  f o r  many gases  ( e .g . ,  t h e  n i t r o g e n  
o x i d e s ,  HC1). I n  t h e s e  cases, w e  u s u a l l y  set  ng  t o  a s m a l l  c o n c e n t r a t i o n ,  
o f t e n  t o  1, u n l e s s  o b s e r v a t i o n s  i n  t h e  upper t roposphe re  are a v a i l a b l e .  W e  
t r e a t  t h e  n i t r o g e n  ox ides  somewhat d i f f e r e n t l y ,  however. F i r s t ,  w e  s p e c i f y  
t h e i r  t o t a l  lower boundary c o n c e n t r a t i o n ,  SB(NO,), which w e  use  t o  c a l c u l a t e  
t h e i r  t o t a l  boundary f l u x ;  t hen  w e  appor t ion  t h i s  f l u x  among t h e  i n d i v i d u a l  
s p e c i e s  accord ing  t o  t h e i r  i n s t an taneous  abundances.  For chemica l ly  a c t i v e  
r a d i c a l s  ( e .g . ,  0, OH, Cl) w e  s imply se t  9, = $u = 0, and a l s o ,  ng = 0. I n  
t h e  p a s t  w e  have on ly  e x p l o i t e d  t h e  more g e n e r a l  a p p l i c a t i o n  of boundary 

' 

c o n d i t i o n  (29) du r ing  s p e c i f i c  p o l l u t i o n  s t u d i e s  invo lv ing  f luo roca rbons  and 
HC1.  

I n  our  model, when w e  u t i l i z e  a n  eddy d i f f u s i o n  p r o f i l e  w i t h  a s h a r p ,  
v e r y  s t a b l e  t ropopause  level,  u s u a l l y  l o c a t e d  between 13 and 16  km, t h e  
boundary c o n d i t i o n s  a t  10 km have l i t t l e  e f f e c t  on ou r  s o l u t i o n s  (except  f o r  
t h e  uniformly mixed c o n s t i t u e n t s ,  of cour se ) .  I n  t h i s  s i t u a t i o n ,  t h e  t r a n s -  
p o r t  b a r r i e r  a t  t h e  t ropopause  e f f e c t i v e l y  decouples  t h e  t roposphere  and t h e  
s t r a t o s p h e r e  f o r  many of t h e  a i r  c o n s t i t u e n t s .  

The boundary c o n d i t i o n s  t h a t  are c u r r e n t l y  used i n  our  model are 
summarized i n  t a b l e  2. During computer r u n s ,  w e  p r i n t  o u t  t h e  boundary 
s p e c i f i c a t i o n s  and t h e  boundary f l u x e s  f o r  each s p e c i e s  and use  them t o  
check t h e  accuracy  and convergence of our  s o l u t i o n s .  For  example, w e  can  
ba lance  t h e  hydrogen atom f low via  H2, H20, and CH,+ a t  10 km, and w e  can 
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Spec ie s  b, c 

0 

O 3  
NO 

HN02 

m03 

N2° 

N2°5 
H 

H2 

H2° 

CH4 

c02 

co 

HC 1 

CF2C12 

CFC13 

C C 1 4  
CH,C1 

TABLE 2. - SPECIES BOUNDARY CONDITIONS~ 

Lower boundary c o n c e n t r a t i o n  
a t  10 km, cm-3 

0 

3.0(11) d 

e 
e 
e 
e 

2.6(12) 

e 
0 

4.0 (12) 

3.0(13) 

1 .0(13)  

3 .0(11)  

3.0 (15) 

1 .0 (6 )  

1 .6(9)  

9 .0(8)  

1 .0 (9 )  
5 .0(9)  

Fixed upper  boundary f l u :  
a t  120 km, cm-2 sec-1 

-1.0 (11) 
-. - 

0 

-2.0(8) 

0 

0 

0 

0 

0 

1 .0 (7 )  

0 

0 

0 

0 

0 

0 

0 

0 

0 
0 

- --__ _ _ ~  

A l l  s p e c i e s  have ze ro  f i x e d  lower boundary f l u x e s .  a 

bSpecies  n o t  l i s t e d  h e r e  have z e r o  lower boundary c o n c e n t r a t i o n s ,  nB, 
and z e r o  f i x e d  upper  f l u x e s ,  &, except  f o r  
C 1 0 N 0 2  which have ng = 1. 

I n a c t i v e  s p e c i e s  n o t  l i s t e d  h e r e  are: 

H 2 0 2 ,  C H 4 0 2 ,  SO2, H2SO4, and 

NH3,  B r ,  B r O ,  H B r .  
e 

d3.0(11) = 3 . 0 ~ 1 0 ~ ~ .  
e The t o t a l  lower boundary concen t r a t ion ,  n f o r  t h e  n i t r o g e n  ox ides  is  

1 .0 (6 ) .  B’ 

match t h e  t o t a l  c h l o r i n e  atom e f f l u x  from t h e  s t r a t o s p h e r e  a g a i n s t  t h e  
i n t e g r a t e d  p roduc t ion  rate. 

I 

With t h e  boundary c o n d i t i o n s  so  de f ined ,  w e  can n o t  proceed w i t h  t h e  
development of ou r  numer ica l  s o l u t i o n .  
t h e  lower boundary are w r i t t e n :  

The s p e c i e s  c o n t i n u i t y  equa t ions  a t  
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where we recognize that the lower boundary-layer thickness is only h / 2  cm. 
The flux condition at the lower boundary is expressed as 

j+ 1 , a distance 
%O 

In our scheme we have allowed for an "image'' concentration, 

h below the lower boundary. After eliminating 
resulting expression can be rearranged to yield 

from (30) and ( 3 1 ) ,  the j+  1 

Equation ( 3 2 )  defines l.F!l and d 
can be used with (26) and (28) to determine the U and V terms at every 
other altitude level for all the species. 

for each species, and these quantities 
2 1  

We note that our formulation of the boundary equations allows the species 
boundary concentrations to be affected not only by local flux divergences, 
but by photochemistry as well. A simpler, well-known boundary specification 
which requires that 

and p together by a mixing p i  1 i2 artificially connects the solution for 
ratio gradient attributable only to transport. 

The upper boundary condition is treated like the lower one. That is, we 
write a continuity equation at the upper level analogous t o  (30 )  except that 
we utilize an "image" density above the upper boundary, (where u is 

the index for the uppermost altitude interval). We also have a flux condition 
like (31) for the upper boundary. Moreover, we know the recurrence relation- 
ship, ( 2 7 ) ,  fqr level k.= u - 1 (i.e., we have previously determined the 
quantities V? and U.;! ). Accordingly, with these three equations 

2, U+l 

2, u- 1 2, u- 1 
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which t u r n s  o u t  t o  j+  1 
iu and s o l v e  f o r  i,u+ 1 

w e  can e l i m i n a t e  j+l and p 

be  : 
pi, 7.4- 1 

The s p e c i e s  c o n c e n t r a t i o n s  below t h e  upper boundary are ob ta ined  a t  
t h e  descending levels ,  u - 1, u - 2 ,  . . . 1, u s i n g  ( 2 7 1 ,  t h e  known U and V 
c o e f f i c i e n t s ,  and t h e  c a l c u l a t e d  s p e c i e s  c o n c e n t r a t i o n  a t  t h e  nex t  h i g h e s t  
l e v e l .  Obviously,  by s o l v i n g  t h e  s p e c i e s  c o n t i n u i t y  equa t ions  i n  sequence, 
i = 1, 2 ,  . . ., I, on ly  one p a i r  of U and V v e c t o r s  are needed, and t h e s e  
can be r e c y c l e d  f o r  each  s p e c i e s .  

The f ami ly  c o n t i n u i t y  equa t ions  d e s c r i b e d  by r e l a t i o n s h i p s  ( 1 2 ) - ( 1 9 ) ,  
are so lved  i n  t h e  same way as t h e  s p e c i e s  c o n t i n u i t y  equa t ions .  There are  
two p r o c e d u r a l  d i f f e r e n c e s  t h a t  must be mentioned, however. F i r s t ,  t h e  
fami ly  photochemical l o s s  ra te  i n  ( 1 2 )  i s  l i n e a r i z e d  i n  t h e  i m p l i c i t  v a r i a b l e  

$+I, which l e a d s  t o  t h e  fo l lowing  numer ica l  g e n e r a l i z a t i o n  of (18) and ( 1 9 )  : 
RU 

The d e f i n i t i o n s  of 
Turco and Whitten ( r e f .  1). The second p r o c e d u r a l  d i f f e r e n c e  is  t h a t  t h e  
fami ly  boundary c o n d i t i o n s  must be  e s t a b l i s h e d  by summing ( 3 0 )  and ( 3 1 )  - 
and t h e  cor responding  r e l a t i o n s  a t  t h e  upper boundary - f o r  each family.  
During t h i s  e x e r c i s e ,  a l l  t h e  t e r m s  t h a t  i n c l u d e  a s p e c i e s  s u b s c r i p t  
( i . e . ,  t h o s e  c o n t a i n i n g  ri, v B ~ ,  nBg, +io, o r  @iu) must be  r e d e f i n e d  as 
average  v a l u e s  a t  t h e  beginning  of t e t i m e  s t e p ;  f o r  example, 

Fs and is, which a re  s t r a i g h t f o r w a r d ,  are  g iven  by 

The f ami ly  c o n t i n u i t y  equa t ions  (12)  and ( 1 6 ) ,  when c a s t  i n  t h e  f i n i t e  
d i f f e r e n c e  form of ( 2 3 ) ,  and a f t e r  t h e  a p p l i c a t i o n  of t h e  s p e c i a l i z e d  t reat-  
ment of t h e  photochemical t e r m s  and boundary c o n d i t i o n s  j u s t  d e s c r i b e d ,  
are so lved  a l g e b r a i c a l l y  e x a c t l y  l i k e  equa t ions  ( 2 3 ) - ( 3 4 )  f o r  t h e  i n d i v i d u a l  
s p e c i e s .  

For our model, t h e  e x t r a  computer t i m e  r e q u i r e d  t o  handle  t h e  f a m i l i e s  
is  about 10 p e r c e n t  of t h e  t o t a l  computer e x p e n d i t u r e ,  which i s  more than  
o f f s e t  by a l a r g e  g a i n  i n  numer ica l  speed and s t a b i l i t y .  Another numer ica l  
n o t e :  s i n c e  w e  de te rmine  t h e  s p e c i e s  c o n c e n t r a t i o n s  f i r s t ,  w e  can then  u s e  

b o t h  t h e  p i  

c h a r a c t e r i s t i c s .  

j j+  1 and P i k  , o r  t h e i r  average  v a l u e ,  t o  compute t h e  f ami ly  
chemica l  p ro  $ u c t i o n  and l o s s  rates,  the reby  f u r t h e r  improving t h e  s o l u t i o n  
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The f ami ly  c o n c e n t r a t i o n s  a re  used t o  c o r r e c t  t h e  computed s p e c i e s  
c o n c e n t r a t i o n s  i n  ou r  model. I n  t h i s  s e n s e ,  o u r  method is  more s o p h i s t i c a t e d  
t h a n  t echn iques  t h a t  o n l y  compute fami ly  c o n c e n t r a t i o n s  and then  a s s i g n  each 
member a n  abundance based on  s t e a d y - s t a t e  photochemical  r a t i o s .  Our b a s i c  
c o r r e c t i o n  scheme, which is  performed a u t o m a t i c a l l y  i n  t h e  code,  i s  t o  a d j u s t  
on ly  t h e  most abundant f ami ly  member; t h i s  l e a d s  t o  t h e  c o r r e c t i o n  e q u a t i o n  

i '#-L 
For  t h e  carbon and s u l f u r  f a m i l i e s ,  however, a l l  of t h e  s p e c i e s  are 

a d j u s t e d  us ing  a s c a l i n g  f a c t o r ,  

Our c o r r e c t i o n  scheme i s  e f f e c t i v e  f o r  a t  least  two reasons :  

1. I n  most cases, numer i ca l ly  genera ted  c o n c e n t r a t i o n  imbalances 
among t h e  members of a f ami ly  are  q u i c k l y  r e d i s t r i b u t e d  by t h e  f a s t  
photochemical  coupl ing  among t h e s e  s p e c i e s .  

2 .  During a c a l c u l a t i o n ,  t h e  s p e c i e s  c o n c e n t r a t i o n s  are r e s t r i c t e d  
t o  maximum changes of about  10  p e r c e n t  o r  less pe r  s t e p ,  and t h e  
f ami ly  c o n c e n t r a t i o n  v a r i a t i o n s  are u s u a l l y  much smaller than  t h i s ,  
so  t h a t  t h e  a c t u a l  c o r r e c t i o n  p e r  s t e p  i s  normally a ve ry  s m a l l  
f r a c t i o n .  

W e  n o t e  t h a t  a s p e c i e s  i s  a d j u s t e d  on ly  once i n  t h e  c o r r e c t i o n  h i e r a r c h y  
g iven  i n  t a b l e  1. I n  some c a s e s ,  a t  s p e c i f i c  a l t i t u d e s ,  t h e  c o r r e c t i o n  
scheme i t s e l f  may become u n s t a b l e  because t h e  numer ica l  system is  over- 
determined.  For example, when two s p e c i e s  i n  a f ami ly  have almost  e q u a l  
c o n c e n t r a t i o n s ,  a n  u n s t a b l e  o s c i l l a t i o n  can develop  where one s p e c i e s  i s  
c o r r e c t e d  a t  one t i m e  s t e p ,  t h e  o t h e r  a t  t h e  nex t  s t e p .  This  problem i s  
e l imina ted  by e x p l i c i t l y  s t a t i n g  which s p e c i e s  is t o  b e  c o r r e c t e d  each t i m e .  
These i s o l a t e d  i n s t a b i l i t i e s  are e a s i l y  handled i n  t h e  computer program. I n  
ou r  code, w e  have achieved  a b s o l u t e  s o l u t i o n  convergence w i t h  t i m e  s t e p s  as 
l a r g e  as I O 7  sec ( i . e . ,  about  3 s t e p s  pe r  y e a r ) ,  and w e  could e a s i l y  do even 
b e t t e r  . 

AERONOMICAL MODEL PARAMETERS 

W e  w i l l  now d i s c u s s  some of t h e  a s p e c t s  of t h e  a tmospher ic  p h y s i c s  
and chemis t ry  which w e  have inc luded  i n  our  model. 
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The rate c o e f f i c i e n t s  used i n  our  c a l c u l a t i o n s  are tempera ture  and p res -  
s u r e  dependent ,  wherever a p p r o p r i a t e .  For t h e  most p a r t ,  w e  have adopted t h e  
s t a n d a r d  rate c o n s t a n t  v a l u e s  from publ i shed  d a t a  l i s ts  (e .g . ,  t h e  N a t i o n a l  
Bureau of S tanda rds  Repor ts  - a l s o  see r e f s .  4 t o  10 f o r  t a b u l a t i o n s  of ou r  
ra te  c o e f f i c i e n t s ) .  Whenever a new rate  c o n s t a n t  is in t roduced  i n  ou r  work 
o r  an  o l d  one i s  a d j u s t e d  t o  ach ieve  some aeronomica l  s t a t e ,  i t  i s  u s u a l l y  
d i s c u s s e d  i n  d e t a i l .  For  several impor tan t  a l t i t ude -dependen t  ra te  c o e f f i -  
c i e n t s ,  most n o t a b l y  t h o s e  f o r  t h e  format ion  r e a c t i o n s  of HN03 from OH and NO2 
and of N 2 0 5  from NO2 and NO3, w e  have developed a n a l y t i c a l  p re s su re -  and 
temperature-dependent e x p r e s s i o n s  f o r  t h e  c o e f f i c i e n t s  u s ing  s t e a d y - s t a t e  mul t i -  
l e v e l  k i n e t i c s ,  t he reby  e l i m i n a t i n g  t h e  need f o r  t a b l e s  of d a t a  ( s e e  r e f .  9 ) .  

The ra te  c o n s t a n t s  f o r  t h e  c r i t i c a l  r e a c t i o n s ,  

OH + H02 -f H20 + O2 ( 3 9 )  

are  s t i l l  c o n t r o v e r s i a l .  
f o r  k , ,  and 3 . 0 ~ 1 0 - l ~  c m 3  sec-l f o r  k,, l e a d s  t o  a t o t a l  i n t e g r a t e d  

dayt ime OH column abundance of  about  8x1013 c m  , c l o s e  t o  t h a t  d e t e c t e d  
by Burne t t  ( r e f .  1 3 ) .  It i s  noteworthy,  however, t h a t  t h e  v a r i a b i l i t y  i n  
B u r n e t t ' s  d a t a  encompasses n e a r l y  a n  o r d e r  of magnitude about  a v a l u e  of 
l x 1 0 1 4  cm-2. 
t h a n  t h e  o b s e r v a t i o n s  of Anderson ( r e f .  14 )  a f t e r  a d j u s t i n g  h i s  v a l u e s  
upward by a f a c t o r  of 2 t o  roughly  account  f o r  t h e  r a t i o  of OH abundances i n  
f u l l  d a y l i g h t  t o  t h o s e  a t  t h e  exper imenta l  z e n i t h  a n g l e  of 80". 

I n  our  model, u s ing  v a l u e s  of 5.0X10-l1 c m 3  sec-l 

-2 

Our s t r a t o s p h e r i c  OH c o n c e n t r a t i o n s  a re  s t i l l  somewhat lower 

I n  ou r  computer code,  ra te  c o n s t a n t s  and t h e  cor responding  chemical  
product ion  and l o s s  t e r m s  i n  t h e  s p e c i e s  c o n t i n u i t y  equa t ions  are manipulated 
a u t o m a t i c a l l y ;  a five-number l a b e l  f o r  each r e a c t i o n  i s  used t o  s p e c i f y  t h e  
r e a c t a n t s  and p roduc t s .  Moreover, by scanning  t h e  r e a c t i o n  l a b e l  and com- 
p a r i n g  t h e  s p e c i e s  involved  w i t h  templa tes  of f ami ly  c o n s t i t u e n t s ,  t h e  
r e a c t i o n s  a f f e c t i n g  t h e  f a m i l i e s  are f lagged  f o r  qu ick  f u t u r e  r e f e r e n c e .  A s  
a check on t h e  au tomat i c  chemis t ry  r o u t i n e ,  t h e  atom ba lances  f o r  each 
r e a c t i o n  are d i s p l a y e d  as o u t p u t  a t  t h e  s t a r t  of every  computer run.  

W e  c a l c u l a t e  a tmospher ic  p h o t o d i s s o c i a t i o n  ra tes  u s i n g  t h e  well-known 
o p t i c a l  depth  fo rmula t ions  of l i g h t  a b s o r p t i o n ,  and t h e  se t  of wavelength 
i n t e r v a l s  l i s t e d  i n  t a b l e  3. I n  t h i s  case, 

where S, is t h e  p h o t o r a t e  ( sec - l )  f o r  p rocess  v ;  1 ~ -  is  t h e  wavelength 
i n t e r v a l  index;  F, 
a t  t h e  top  of  t h e  atmosphere i n  t h e  wavelength i n t e r v a l  , ov, i s  t h e  c r o s s  
s e c t i o n  (cm2) f o r  p r o c e s s  v i n  i n t e r v a l  ,; and T,, is  t h e  cor responding  
o p t i c a l  depth  a t  t h e  h e i g h t  z and s o l a r  z e n i t h  a n g l e  x. The o p t i c a l  depth  
is  de f ined  by 

i s  t h e  t o t a l  i n c i d e n t  s o l a r  f l u x  (photons cm-2 s ec - l )  

14 
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TABLE 3.- WAVELENGTH INTERVALS USED TO CALCULATE PHOTODISSOCIATION RATES 

Wavelength range ,  
nm 

I 
121.6 

137.5-177.5 

177.5-177.75 

177.75-201. 25a 

201.25-202.5 

202.5-347.5 

347.5-350 

350-750 

Number of b i n s  
i n  t h e  range  

__ 

1 

8 

1 

47 

1 

29 

1 
8 

Bin width ,  
nm 

~~ 

0.1 

5.0 

.25 

.5 

1.25 

5.0 

2.5 

50 

I n  t h i s  wavelength r e g i o n ,  each 0.5-nm b i n  is  subdiv ided  i n t o  a 
f i v e  0.1-nm i n t e r v a l s  f o r  0, Schumann-Runge band a b s o r p t i o n  d a t a .  

where s u b s c r i p t s  2 and 3 r e f e r  t o  0 2  and 0 3 ,  r e s p e c t i v e l y ;  C i n  each 
case i s  t h e  i n t e g r a t e d  molecular  column (cm-,) from t h e  p o i n t  of o b s e r v a t i o n  
( 2 , ~ )  t o  t h e  sun ,  u, and u 3  
T~~ i s  t h e  0, Schumann-Runge band o p t i c a l  dep th ,  which w e  w i l l  d i s c u s s  s h o r t l y .  
W e  have ignored  o t h e r  a tmospher ic  abso rbe r s  of s o l a r  r a d i a t i o n  such  as NO2 
s ince  t h e i r  e f f e c t s  on p h o t o r a t e s  are  n e g l i g i b l e .  

are  continuum a b s o r p t i o n  c o e f f i c i e n t s  (cm2), and 

Our s o l a r  f l u x e s  are  t aken  from Ackerman ( r e f .  15) above 300 nm and 
Donnelly and Pope ( r e f .  16) below 300 n m ;  t h e  l a t t e r  f l u x e s ,  f o r  a moderate  
l e v e l  of s o l a r  a c t i v i t y ,  r e p r e s e n t  a compromise between Ackerman's l a r g e r  
va lues  and r e c e n t l y  observed lower v a l u e s  ( e .g . ,  r e f .  17). I n  ou r  c a l c u l a -  
t i o n s  w e  do n o t  account  f o r  Rayleigh m u l t i p l e  s c a t t e r i n g  of s u n l i g h t ,  b u t  
w e  do roughly  account  f o r  t h e  e f f e c t i v e  p l a n e t a r y  a lbedo  by i n c r e a s i n g  t h e  
i n c i d e n t  f l u x ,  F, by an  a lbedo  f a c t o r ,  a (e .g . ,  see r e f .  18 ) :  

f0.40 X > 320 nm 

a = { 0.40 [ A - 2o 300 ] 300 5 A 5 320 nm (43) 

so t h a t  

F + F ( l  + a )  (44) 
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W e  c a l c u l a t e  t h e  i n t e g r a t e d  0, column d e n s i t y ,  C 2 ,  u s i n g  t h e  o p t i c a l  
dep th  f a c t o r  approximat ion  f o r  an  e x p o n e n t i a l  a tmosphere which i s  based 
on t h e  Chapman f u n c t i o n  ( r e f s .  19 and 20) .  For  t h i s  c a l c u l a t i o n  w e  assume 
t h a t  0, comprises  21  p e r c e n t  of t h e  t o t a l  number of  a i r  molecules ,  and w e  u s e  
our  model t empera tu re  p r o f i l e  t o  e v a l u a t e  t h e  a p p r o p r i a t e  scale h e i g h t s .  W e  
c a l c u l a t e  t h e  ozone column, C 3 ,  by numer i ca l ly  i n t e g r a t i n g  t h e  in s t an taneous  
ozone d i s t r i b u t i o n  i n  t h e  model a long  a r a y  from t h e  p o i n t  of o b s e r v a t i o n  t o  
t h e  sun  us ing  a l o g a r i t h m i c  i n t e r p o l a t i o n  scheme (ozone c o n c e n t r a t i o n s  below 
1 0  km are  s p e c i f i e d  as i n p u t ,  and t h o s e  above 120 km are e x t r a p o l a t e d  
e x p o n e n t i a l l y  assuming a 3-km scale h e i g h t ) .  Thus, 

where s k  i s  a p a t h  l e n g t h  de f ined  by 

1 / 2  
sk = (rk2 - r 2, m (46) 

w i t h  r k  
l e v e l  k ,  and rm t h e  pe rpend icu la r  d i s t a n c e  (cm) t o  t h e  (extended)  r a y  of 
o b s e r v a t i o n ,  and where 

be ing  t h e  d i s t a n c e  (cm) from t h e  E a r t h ' s  c e n t e r  t o  t h e  a l t i t u d e  

wi th  t h e  b r a c k e t s  ( [  I )  i n d i c a t i n g  a c o n c e n t r a t i o n .  

Before  Hudson and Mahle ( r e f .  21) had pub l i shed  t h e i r  parameter ized  
equa t ions  f o r  c a l c u l a t i n g  0, Schumann-Kunge band a b s o r p t i o n ,  w e  had a l r e a d y  
t r e a t e d  t h i s  a b s o r p t i o n  i n  d e t a i l  u s ing  a band model. Blake e t  a l .  ( r e f .  22 ) ,  
who c o l l e c t e d  O2 a b s o r p t i o n  d a t a  i n  t h e  S-R band r e g i o n  wi th  an  in s t rumen t  
having about  a 0.1-nm r e s o l u t i o n ,  showed t h a t  t h e  observed O2 S-R band 
o p t i c a l  depth  depended s imply on t h e  squa re  r o o t  of  t h e  0 column d e n s i t y  f o r  
a wide range  of o p t i c a l  depths .  This  squa re  r o o t  a b s o r p t i o n  l a w  has  been 
used by Brinkmann ( r e f .  23) t o  s t u d y  water vapor  d i s s o c i a t i o n  i n  t h e  terres- 
t r i a l  atmosphere.  
Schumann-Runge bands as 

2 

In our  model, w e  d e f i n e  t h e  0, o p t i c a l  dep th  i n  t h e  

Here oSR i s  t h e  0, a b s o r p t i o n  c r o s s  s e c t i o n  ob ta ined  from Blake e t  a l .  
( r e f .  22)  a t  0.1-nm i n t e r v a l s  i n  t h e  S-R band system (177.75-201.25 nm). 
In ana lyz ing  t h e  Blake e t  a l .  d a t a ,  w e  have accounted f o r  0 continuum 

2 
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a b s o r p t i o n  and i t s  appa ren t  i n c r e a s e  a t  h igh  expe r imen ta l  a b s o r p t i o n  c e l l  
p r e s s u r e s  ( see  r e f .  2 ) .  The parameters  -cSR and ~z~ are t h e  weak and 
s t r o n g  a b s o r p t i o n  l i m i t s  beyond which t h e  s imple  s q u a r e  r o o t  a b s o r p t i o n  l a w  
i s  i n a p p l i c a b l e .  I n  t h e  weak a b s o r p t i o n  l i m i t ,  w e  choose 
o b t a i n  t h e  c o r r e c t  i n t e g r a t e d  o s c i l l a t o r  s t r e n g t h  f o r  t h e  bands. Blake e t  a l .  
( r e f .  22) found t h a t  t h e i r  a b s o r p t i o n  c r o s s  s e c t i o n s  d i s p l a y e d  a s q u a r e  r o o t  
dependence on the O2 column d e n s i t y  up t o  I n  numerical  exper iments ,  
w e  have found t h a t  none of our  p h o t o r a t e s  are  i n f l u e n c e d  by more t h a n  5 pe rcen t  
f o r  any s e l e c t i o n  of 

T~ = 0.15 t o  

TSR - 3 .  

T ~ R  2 2; acco rd ing ly ,  w e  l e t  T ~ R  + m i n  ou r  model. 

Using a band a b s o r p t i o n  model, t h e  O2 p h o t o d i s s o c i a t i o n  rate i n  t h e  
S-R bands is e a s i l y  c a l c u l a t e d  s i n c e  i t  is  simply p r o p o r t i o n a l  t o  t h e  
d e r i v a t i v e  w i t h  r e s p e c t  t o  C 2  of t h e  cor responding  o p t i c a l  t r a n s m i s s i o n  
f a c t o r .  I n  (41) ,  t h i s  i s  e q u i v a l e n t  t o  s u b s t i t u t i n g  f o r  (sv)ll, 

where 

Except f o r  t h e  0, S-R band d a t a ,  t h e  a b s o r p t i o n  c r o s s  s e c t i o n s  f o r  o t h e r  
s p e c i e s  a r e  s p e c i f i e d  eve ry  0.5 nm i n  t h e  S-R band r e g i o n  (a l though they  
probably only need t o  be  s p e c i f i e d  every  2.0-5.0 nm). I n  each of t h e s e  
0.5-nm wavelength b i n s ,  w e  c a l c u l a t e  an average  0 S-R band t r a n s m i s s i o n  
f a c t o r  and d i s s o c i a t i o n  c r o s s  s e c t i o n :  

2 

where t h e  index  5 r anges  ove r  t h e  f i v e  0.1-nm b i n s  w i t h i n  t h e  0.5-nm 
i n t e r v a l .  The q u a n t i t i e s  d e f i n e d  by (51) and (52) are i n s e r t e d  d i r e c t l y  
i n t o  (41 ) .  

W e  have made d e t a i l e d  comparisons ( r e f s .  2 and 24) between t h e  O2 
a b s o r p t i o n  and d i s s o c i a t i o n  p r o f i l e s  c a l c u l a t e d  w i t h  our  band model and t h o s e  
froin t h e  Hudson and Mahle model ( r e f .  21);  t h e  agreement is b e t t e r  t h a n  about 
10 pe rcen t  i n  t h e  s t r a t o s p h e r e  and about 25 p e r c e n t  i n  t h e  mesosphere. 
This  correspondence i s  e x c e l l e n t ,  c o n s i d e r i n g  t h a t  t h e  two r e s u l t s  are de r ived  
from completely independent d a t a  b a s e s ,  and t h a t  no t u n i n g  of t h e  band model 
( t o  account f o r  t empera tu re  e f f e c t s  and i n s t r u m e n t a l  u n c e r t a i n t i e s  on t h e  
observed low- reso lu t ion  a b s o r p t i o n  c r o s s  s e c t i o n s )  has  been performed. The 
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band absorption model also preserves the simple optical depth formalism and 
is therefore easy to include in existing photodissociation rate algorithms. 

Our species photodissociation cross sections are given in reference 2 .  
Newer data, not listed in reference 2 ,  are used for the O ( l D )  quantum yield 
from O 3  photolysis (refs. 25 and 2 6 )  and for the absorption cross sections of 
N,O (ref. 2 7 ) ,  H C 1  (ref. 28), C 1 0  (private communication from Jaffe, Ames 
Research Center, 1 9 7 6 ) ,  and C10N02 (ref. 2 9 ) .  

In our model we can select one of several options for computing 
photorates. For diurnal calculations, the rates are calculated at a fixed 
set of zenith angles corresponding to the fixed diurnal time grid mentioned 
earlier (the latitude and season which are selected also determine the zenith 
angles). For nondiurnal runs, we can compute photorates at a fixed zenith 
angle specified by a latitude, earth declination, and time of day. Or, we 
can compute, in two different ways, photodissociation rates which are 
averaged over a 24-hr day: 1) by determining the rates at up to 5 0  zenith 
angles over one-half the day and numerically averaging these values; and 
2 )  by estimating the rates using an approximation described by Rundell for 
springlfall conditions: 

with 
that Rundel's approximation gives results in good accord with the diurnally 
time-averaged rates. 

eo = 0 . 5 ,  bo = 0 . 8 3 5 ,  no = 0 . 6 1 9 ,  and Xnoon = 33" .  We have found 

Cogley and Borucki (ref. 30) have calculated average photodissociation 
rates using the approximation 

We have compared photorates computed using ( 5 3 )  with those from ( 5 4 )  when 
3, = 0.5 and ;, = 5 5 " .  
cent of each other. However, in regions of strong absorption the differences 
become quite large, and in this case, Rundel's predictions are generally 
more satisfactory. Still, it is not clear whether, in the 0, Schumann-Runge 
band absorption region, more than one set of parameter values is needed for 
the Rundel model because of the complex dependence of the S-R optical depth 
on the molecular oxygen column density. 

For the most part, the values are within 5-10 per- 

Modeling techniques that only use averaged photodissociation coefficients 
to simulate diurnal effects can often give incorrect and misleading results 

'Private communication from R. D. Rundel, Johnson Space Flight Center, 1 9 7 6 .  
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for the abundance of many stratospheric g constituents and for the et 
depletion of ozone by chlorine oxides. Therefore, we have developed a 
simple scheme for modifying the species continuity equations that accurately 
accounts for the effects of diurnal variations on computed species concentra- 
tions and ozone perturbations (ref. 3 ) .  To do this, we average the continuity 
equations over a 24-hr day and derive equivalent relations for the average 
concentrations n i :  

- 

Here, k j k  
rate; ~ i - k  is +l depending on whether the species i is produced or 
destroye4, respectively, by reaction ( j k ) ;  and 
flux evaluated using the height distribution E i .  In our approximation, the 
average species concentration ni is divided into two components, the 
average daytime and nighttime species abundances n.! and n!, respectively, 
so that: 

is a generalized rate constant which can be a photodissociation 

$(E.;) is the average species 
- 

2 

m m 

- n = n  - i i T  
D 'D + nN - 'N 

i T  

where TD and TU are the daytime and nighttime durations, respectively, 
and T is the sum of TD and T N .  During a given diurnal cycle, a species' 
daytime and nighttime concentrations are assumed to be constant at their 
respective average values, nD and nN; hence, our solution scheme parameterizes 
diurnal variations in the form of a simple, two-level step function. With 
this assumption, it is then convenient to define the quantities 

where is the nighttime-to-daytime species concentration ratio 

r i =np 2 

In terms of the parameters 
B j k  in (57) is 

ri and ai, the rate constant scaling factor 

B j k  

The f3 factor is obviously 1 unless both of the reactants have diurnal 
variations. In (55) the photodissociation processes take the form 

7.z. a 
2 2  I i 



where 7 
of t h e  several t echn iques  d i scussed  ear l ier .  

i s  a 24-hr averaged p h o t o r a t e  t h a t  can  b e  computed us ing  any one  

Our d i u r n a l  ave rag ing  scheme q u a n t i f i e s  t h e  e f f e c t s  of n i g h t t i m e  
chemis t ry  on t h e  ave rage  day-to-day abundances of  a i r  c o n s t i t u e n t s  by a d j u s t -  
i n g  t h e  a p p r o p r i a t e  photochemical  ra te  c o n s t a n t s  t o  account  f o r  t h e  p re sence  
a t  n i g h t  of c e r t a i n  r e a c t a n t  gases .  
d i u r n a l  v a r i a t i o n s  g r e a t l y  s i m p l i f i e s  t h e  e v a l u a t i o n  of t h e  24-hr ave rage  
rates of  t h e  n o n l i n e a r  photochemical  i n t e r a c t i o n  t e r m s  i n  t h e  s p e c i e s  con- 
t i n u i t y  e q u a t i o n s .  The re la t ive  magnitudes o f  t h e  two-level  d i u r n a l  s p e c i e s  
abundances are  parameter ized  us ing  t h e  night-to-day c o n c e n t r a t i o n  r a t i o s ,  
ri. For most s t r a t o s p h e r i c  c o n s t i t u e n t s ,  t h e s e  c o n c e n t r a t i o n  r a t i o s  are 
e i t h e r  e f f e c t i v e l y  0 o r  1. For o t h e r  s p e c i e s  w e  can  c a l c u l a t e  r v a l u e s  by 
us ing  s i m p l i f i e d  n i g h t t i m e  chemical  r e a c t i o n  schemes, assuming as i n i t i a l  sun- 
se t  c o n d i t i o n s  t h e  a p p r o p r i a t e  daytime species c o n c e n t r a t i o n s  and i g n o r i n g  
t h e  e f f e c t s  of t r a n s p o r t  on t h e  r a t i o s .  Th i s  approach l e a d s  t o  r v a l u e s  
t h a t  are  f u n c t i o n s  of  t h e  model ( r a t e  c o n s t a n t s  and s p e c i e s  c o n c e n t r a t i o n s ) ,  
and can b e  updated acco rd ing ly  du r ing  computer s imula t ions .  Ac tua l ly ,  t h e  
c o n c e n t r a t i o n  r a t i o s  are n e a r l y  i n v a r i a n t  q u a n t i t i e s  t h a t  could ,  f o r  example, 
b e  c a l c u l a t e d  u s i n g  t h e  r e s u l t s  of a d i u r n a l l y  va ry ing  model s imula t ion .  

Our s t e p  f u n c t i o n  approximation f o r  

The averaged s p e c i e s  c o n t i n u i t y  e q u a t i o n s  i n  (55) have e x a c t l y  t h e  
same form as (1) and can t h e r e f o r e  be  so lved  i n  t h e  manner w e  have a l r e a d y  
desc r ibed .  
o f f  q u i t e  s imply.  Furthermore,  s i n c e  t h e  form o f  t h e  fami ly  c o n t i n u i t y  
equa t ions  i s  a l s o  u n a f f e c t e d  by ou r  averaging  t echn ique ,  t h e i r  s o l u t i o n  - a l s o  
proceeds j u s t  as b e f o r e .  Once t h e  average  s p e c i e s  c o n c e n t r a t i o n s ,  ni, are 
c a l c u l a t e d ,  w e  can o b t a i n  daytime and n i g h t t i m e  abundances us ing  (57)  and (58). 

I n  f a c t ,  i n  our  model w e  can  t u r n  ou r  ave rag ing  procedure  on o r  

W e  have compared t h e  p r e d i c t i o n s  of  ou r  averaged model w i t h  t h o s e  of a 
d i u r n a l l y  va ry ing  model ( r e f .  3 ) ;  t y p i c a l l y ,  t h e  c a l c u l a t e d  c o n c e n t r a t i o n s  
are w i t h i n  10  p e r c e n t  of each o t h e r ,  bu t  w i t h  l a r g e r  d i f f e r e n c e s  of up t o  
20 pe rcen t  o c c u r r i n g  a t  some a l t i t u d e s  ( u s u a l l y  where a s p e c i e s  i s  d e c r e a s i n g  
r a p i d l y  and has  a ve ry  s m a l l  a b s o l u t e  abundance).  This  i s  i n  s t r i k i n g  con- 
trast t o  t h e  l a r g e  e r r o r s  ob ta ined  from a model u s i n g  on ly  averaged photodis -  
s o c i a t i o n  rates where,  f o r  example, an  o r d e r  of magnitude unde res t ima te  of  
t h e  N 0 c o n c e n t r a t i o n  r e s u l t s .  2 5  

Our model c a l c u l a t e s  t h e  l i g h t  emiss ion  i n t e n s i t i e s  of v i b r a t i o n a l l y  
e x c i t e d  OH* and e l e c t r o n i c a l l y  e x c i t e d  O , ( l A  
atmosphere.  P r e d i c t e d  column-integrated emiss ion  rates have been compared 
w i t h  o b s e r v a t i o n s  t o  p rov ide  a c o n s t r a i n t  on t h e  model parameters .  For  OH*, 
photon e f f i c i e n c i e s  ( i . e . ,  t h e  number of photons emi t t ed  f o r  each OH# formed 
by r e a c t i o n )  i n  t h e  v i b r a t i o n a l  sequences Av = 1, 2, 3 are  c a l c u l a t e d  w i t h  
a d e t a i l e d  v i b r a t i o n a l  s t a t e  model f o r  OH(X 211, v = I ,  9 ) ,  which i n c l u d e s  
r a d i a t i o n  cascading  and chemical and c o l l i s i o n a l  quenching. 
s i n g l e t  d e l t a  states,  w e  have inco rpora t ed  a l l  of t h e  known photochemical  
e x c i t a t i o n  and quenching mechanisms i n  ou r  computer s imula t ion .  

I C + )  molecules  i n  t h e  
g '  g 

For t h e  0, 
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proposed by Wofsy and McElroy 60 

d i f f e r e n c e s .  Our d i f f u s i v i t i e s  50 

E40 

u- n 
3 30 
k 

( r e f .  31) , b u t  . w i t h  some impor tan t  

are based i n  p a r t  on meteorologi-  

t h e  s u c c e s s f u l  p r e d i c t i o n  of  t h e  
observed d i s t r i b u t i o n s  of several 
a tmospher ic  tracers - i n  p a r t i c u -  
l a r ,  methane, n i t r o u s  ox ide ,  and 
carbon 1 4 .  The t roposphe re ,  
which i s  u s u a l l y  m a r g i n a l l y  

ca l  c o n s i d e r a t i o n s  and i n  p a r t  on 1 

2 2 0 -  

10 

s t a b l e  o r  u n s t a b l e ,  is  u s u a l l y  0 

The s t r a t o s p h e r i c  d i s t r i b u t i o n s  of carbon 1 4  r e s u l t i n g  from a tmospher ic  
thermonuclear  exp los ions  have been measured fo l lowing  t h e  n u c l e a r  bomb tes ts  
of t h e  e a r l y  1960s (e .g . ,  see r e f .  32) .  Accordingly,  w e  have a d j u s t e d  t h e  
lower p o r t i o n  of ou r  eddy d i f f u s i o n  p r o f i l e  so  t h a t  our  model p r e d i c t s  CI4 
d i s t r i b u t i o n s  which, even a f t e r  2 y e a r s  of a tmospher ic  r e l a x a t i o n  fo l lowing  
a n u c l e a r  d e t o n a t i o n ,  are  s t i l l  c l o s e  t o  t h e  observed v a l u e s .  Th i s  agreement 
is i l l u s t r a t e d  i n  f i g u r e  2 ( a ) .  Johnston e t  a l .  ( r e f .  3 2 ) ,  i n  t h e i r  a n a l y s i s  
of t h e  carbon 1 4  d a t a ,  have concluded t h a t  i t  would be d i f f i c u l t  t o  reproduce  
most of t h e  carbon 1 4  o b s e r v a t i o n s  u s i n g  eddy d i f f u s i o n  c o e f f i c i e n t s  w i t h  a 
t ropopause  level  h i g h e r  t h a n  13 km, and w e  a l s o  f i n d  t h i s  t o  b e  t r u e .  

- 

- 

- 

- 

- 

1 I I 1 I l l l l  I I I I l l l l l  1 1 1  1 1 1 1 1  

I n  t h e  upper  s t r a t o s p h e r e ,  t h e  p r e d i c t e d  v e r t i c a l  d i s t r i b u t i o n s  of 
s e l e c t e d  "tracer" g a s e s  such  as methane and n i t r o u s  ox ide  are n o t  independent  
of  photochemistry.  Indeed,  new l a b o r a t o r y  measurements of p h o t o l y s i s  c r o s s  
s e c t i o n s  and r e a c t i o n  rate c o n s t a n t s  o f t e n  n e c e s s i t a t e  ad jus tmen t s  of t h e  
eddy d i f f u s i o n  p r o f i l e .  I n  a d d i t i o n ,  t h e  s e l e c t i o n  of  eddy d i f f u s i v i t i e s  
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( a )  Carbon 1 4  o b s e r v a t i o n s  are  rep-  
r e s e n t e d  by s o l i d  l i n e s  ( see  
r e f .  32) ,  p r e d i c t e d  d i s t r i b u t i o n s  
by broken l i n e s .  

a t  t h e  h ighe r  a l t i t u d e s  a l s o  depends 
on t h e  manner i n  which c o n s t i t u e n t s  
w i t h  l a r g e  day-to-night c o n c e n t r a t i o n  
v a r i a t i o n s  are averaged ove r  t h e  
d i u r n a l  c y c l e .  For example, methane 
is  decomposed p r i n c i p a l l y  by i t s  
r e a c t i o n  w i t h  OH i n  t h e  s t r a t o s p h e r e  
and mesosphere,  

S ince  OH d i s a p p e a r s  r a p i d l y  a f t e r  
s u n s e t ,  as a consequence of r e a c t i o n  
( 3 9 ) ,  t h e  p r e d i c t e d  t o t a l  amount of 
methane des t royed  i n  a day is  less 
f o r  a model which d i u r n a l l y  ave rages  
t h e  OH abundance than  f o r  a model 
which does  n o t .  I n  our  case, us ing  
t h e  ave rag ing  procedure  o u t l i n e d  
ear l ie r ,  t h e  upward f l u x  of CH4 
r e q u i r e d  t o  ma in ta in  i t s  h i g h - a l t i t u d e  
d i s t r i b u t i o n  is smaller t h a n  would 
o the rwise  be  exDected. Therefore .  

50 0 EHHALT et 01. (ref. 3 6 )  our  d i f f u s i o n  c o e f f i c i e n t s  have been - 
EHHALT AND 

o EHHALT (ref .39 compensate f o r  t h i s  e f f e c t .  Our 
0 UNPUBLISHED NCAR REPORT p r e d i c t e d  methane and n i t r o u s  ox ide  

c o n c e n t r a t i o n s ,  shown i n  f i g u r e  2 ( b ) ,  
are i n  good agreement w i t h  t h e  l i m -  J 

P 3 i t e d  o b s e r v a t i o n s  t h a t  a re  a v a i l a b l e .  
t- 
Q 30 We have r e c e n t l y  developed an  

(ref.37) reduced somewhat above 30 km t o  
V A  EHHALT et 01. (ref .38) 

BY E.A. MARTELL, 1975 
1 

0 a e r o s o l  p a r t i c l e  model t o  complement 
o u r  one-dimensional photochemical  
model. The a e r o s o l  phys i c s  t r e a t e d  
i n  t h e  model, and t h e  numer ica l  proce- 

I 09 1010 10'1 1012 dures  r e q u i r e d  t o  s o l v e  t h e  r e l a t e d  

A 
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CONCENTRATION, cm-3 a e r o s o l  c o n t i n u i t y  equa t ions ,  are 
desc r ibed  i n  d e t a i l  e l sewhere  ( r e f .  10). 
I n  t h e  model, SO2 and OCS molecules  
d i f f u s e  upward from t h e  t roposphe re  
i n t o  t h e  s t r a t o s p h e r e ;  s u l f u r  gases  are 
a l s o  i n j e c t e d  t h e r e  by volcanoes  (and 

p h o t o l y t i c a l l y  decomposed by u l t r a -  
v i o l e t  r a d i a t i o n ,  and t h e  p roduc t s  
q u i c k l y  react t o  form SO2 ( r e f .  3 3 ) .  

(b) Observed and p r e d i c t e d  ve r t i ca l  
d i s t r i b u t i o n s  of methane and 
n i t r o u s  oxide .  

F igu re  2.- Vertical  d i s t r i b u t i o n s  a i r c r a f t ) .  A t  h igh  a l t i t u d e s  OCS i s  
of carbon 1 4 ,  methane, and 
n i t r o u s  oxide .  

S u l f u r  d i o x i d e  is  subsequent ly  ox id ized  i n t o  s u l f u r i c  a c i d  vapor v ia  t h e  
in t e rmed ia ry  r a d i c a l  HS03, which is assumed t o  have a s h o r t  chemical  l i f e t i m e  
i n  a i r .  Once formed, H2S04 molecules  n u c l e a t e  w i t h  water vapor  o n t o  
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condensa t ion  n u c l e i  which are a l s o  t r a n s p o r t e d  upward from t h e  t roposphere .  
The r e s u l t i n g  a c i d  s o l u t i o n  d r o p l e t s  con t inue  t o  grow by he teromolecular  
condensa t ion  of w a t e r  and a c i d  vapors ,  c o a g u l a t e  w i t h  one ano the r ,  s e t t l e  
g r a v i t a t i o n a l l y ,  and d i f f u s e  by t u r b u l e n t  mixing. Drop le t s  t h a t  r ise above 
t h e  a e r o s o l  l a y e r  ( t o  about  30 km) e t a p o r a t e  r a p i d l y  t o  t h e i r  b a r e  c o r e s ,  
which s e t t l e  a g a i n  t o  lower a l t i t u d e s .  
molecules  above t h e  a e r o s o l  l a y e r ,  b u t  t h i s  does n o t  m a t e r i a l l y  a f f e c t  t h e  
shape of t h e  l a y e r .  Our model a l s o  fo l lows  t h e  accumulat ion and e v o l u t i o n  
of t h e  s o l i d  c o r e s  w i t h i n  t h e  a e r o s o l  d r o p l e t s .  

Evapora t ion  is  a source  of H,SO,+ 

P re l imina ry  c a l c u l a t i o n s  w i t h  t h e  a e r o s o l  model are i n  e x c e l l e n t  agree-  
ment w i t h  numerous o b s e r v a t i o n s  of t h e  n a t u r a l  p a r t i c u l a t e  l a y e r .  The com- 
puted  peak m a s s  mixing r a t i o  f o r  t h e  l a y e r  i s  n e a r  2 1  km, some 8 km above t h e  
t ropopause,  as observed.  P a r t i c l e  number mixing r a t i o s  are c l o s e  t o  measured 
v a l u e s ,  and t h e  d r o p l e t  s i z e  d i s t r i b u t i o n  and composi t ion are a l s o  c o r r e c t l y  
reproduced.  

Several feedback mechanisms are b u i l t  i n t o  o u r  a tmospher ic  model. Of 
course ,  t h e  photochemis t ry  and parameter ized  dynamics are completely i n t e r -  
active,  which s i g n i f i c a n t l y  i n f l u e n c e s  t h e  r e sponse  of t h e  model atmosphere 
t o  s imula ted  p e r t u r b a t i o n s .  Aerosol  p a r t i c l e s  can  a l s o  i n t e r a c t  w i t h  t h e  
gaseous compounds i n  ou r  s i m u l a t i o n ,  a l though  w e  have n o t  y e t  inc luded  poss i -  
b l e  r a d i a t i o n  and s u r f a c e  c a t a l y s i s  feedback e f f e c t s .  The ozone p r o f i l e  i n  
ou r  model c o n t r o l s ,  t o  a l a r g e  e x t e n t ,  t h e  u l t r a v i o l e t  r a d i a t i o n  f l u x e s  
r each ing  t h e  s t r a t o s p h e r e .  Accordingly,  w e  r e c a l c u l a t e  a l l  of t h e  photodis-  
s o c i a t i o n  rates (and rescale t h e  ra te  c o n s t a n t s  d u r i n g  d i u r n a l l y  averaged 
runs )  whenever t h e  i n t e g r a t e d  ozone column above 10  km, o r  above 30 km, 
changes by a s p e c i f i c  f r a c t i o n a l  amount. This  f r a c t i o n  is  u s u a l l y  s e l e c t e d  
t o  b e  s m a l l  re la t ive t o  t h e  expected ozone v a r i a t i o n  i n  o r d e r  t o  ach ieve  good 
numer ica l  r e s o l u t i o n  wi thou t  having t o  r e c a l c u l a t e  t h e  p h o t o r a t e s  a t  each 
t i m e  s t e p ,  which i s  v e r y  i n e f f i c i e n t .  

W e  have developed a s t r a t o s p h e r i c  tempera ture  model t h a t  u t i l i z e s  t h e  
ozone u l t r a v i o l e t  h e a t i n g  rates of Lacis and Hansen ( r e f .  3 4 )  and t h e  CO, 
i n f r a r e d  coo l ing  rates of Dickinson ( r e f .  35) .  The a i r  tempera tures  are 
r e c a l c u l a t e d  whenever t h e  ozone abundance changes s i g n i f i c a n t l y ,  as d e s c r i b e d  
above. The a tmospher ic  scale h e i g h t s  and d e n s i t i e s  and t h e  r a t e  c o n s t a n t s  
are  a l s o  redetermined a t  t h e s e  t i m e s .  The tempera ture  s u b r o u t i n e  i s  pres-  
e n t l y  i n a c t i v e  i n  our  model s i n c e  w e  d i scove red  by exper imenta t ion  t h a t  
tempera ture  feedback  e f f e c t s  on ozone c o n c e n t r a t i o n s  w e r e  on ly  about  
10 pe rcen t  o r  less of t h e  o v e r a l l  ozone v a r i a t i o n  ( r e s u l t i n g  i n  s l i g h t l y  
s m a l l e r  p r e d i c t i o n s  of ozone r e d u c t i o n s  i n  p o l l u t e d  a i r ) .  Moreover, w e  do 
n o t  f e e l  t h a t  parameter ized  t r ea tmen t s  of h e a t i n g  and coo l ing  t h a t  n e g l e c t  
t h e  r e l a t e d  e f f e c t s  on a tmospher ic  dynamics are  v a l i d  f o r  t h e  l a r g e  ozone 
p e r t u r b a t i o n s  o f t e n  s t u d i e d  w i t h  our  model. 

F i n a l l y ,  we  ment ion a n o t h e r  unique feedback mechanism i n  our  model 
which i s  r e l a t e d  t o  t h e  u s e  of f a m i l i e s  of s p e c i e s .  Our numer ica l  s o l u t i o n  
of t h e  f ami ly  c o n t i n u i t y  equa t ions  is  l a r g e l y  independent  of t h e  s o l u t i o n  
f o r  t h e  i n d i v i d u a l  s p e c i e s  d i s t r i b u t i o n s .  However, i n  o r d e r  f o r  t h e  complete  
computat ion t o  b e  s t a b l e  and t o  proceed t o  a s t e a d y  state,  t h e s e  two d i s t i n c t  
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solutions must converge to the same species concentrations. Hence, in our 
code we have a built-in detector of numerical inconsistencies. 

OPERATIONAL MODES FOR MODEL CALCULATIONS 

Our computer model is organized so that we only need to flag several 
input parameters in order to control the mode of calculation and the printing 
and plotting of output data. The choices for computing photodissociation 
rates, and the optional diurnal averaging scheme, have been discussed 
earlier. The basic temporal modes of operation are: 

1. Steady-state runs which extend for a specified time duration. 

2. Time-dependent calculations which are similar to steady-state runs 
except that certain parameters may have explicit time variations, and data 
at intermediate times are of interest. 

3 .  Diurnal simulations where, in order to achieve rapid solution 
convergence, we usually use diurnally averaged steady-state species profiles 
as initial conditions. 

In any of these temporal modes, we can add physical perturbations to the 
system. The most important of these are: 

1. Supersonic transport exhaust: We inject SST effluents (NO, H20, 
SO,) uniformly in hemispherical or global shells, the amount and altitude 
profile depending on the engine, traffic, and flight path models. 

2 .  Space shuttles: We add HC1 and NO from the shuttle launch rockets, 
spread hemispherically or globally, with an altitude profile characteristic 
of these vehicles at a rate determined by the launch schedule. 

3 .  Fluorocarbons: Starting with a steady-state ambient atmosphere, 
we inject CF,Cl, and CFC13 at the ground at globally averaged rates (which may 
remain constant or change with time, and may end abruptly). Each fluorocarbon 
is allowed to accumulate in the troposphere at a rate proportional to the 
difference between its input flux at the surface and its escape flux into 
the stratosphere (or into the lower model boundary at 10 km). Thus, we 
solve the time-dependent growth equations for the tropospheric fluorocarbon 
content, and we couple these solutions to the one-dimensional model through 
the boundary conditions at 10 km. A s  we have always done, we allow for the 
possibility of tropospheric loss mechanisms for CF2Cl2 and CFC13 by assigning 
them average tropospheric lifetimes (from 30 years to a). 

24 



CONCLUDING REMARKS 

We have presented a complete and concise outline of our one-dimensional 
atmospheric computer simulation. Some of the unique aspects of our model 
which we have described above are: 

1. A technique for obtaining rapid and accurate solutions of species 
continuity equations using the concept of conserved families of aeronomically 
related compounds. 

2. An averaging scheme for simulating effects of diurnal variations 
on atmospheric constituent concentrations. 

3. An efficient 0, Schumann-Runge band absorption model for computing 
molecular photodissociation rates. 

4. A detailed simulation of aerosol particle formation and evolution 
in the Earth's stratosphere. 

As we mentioned in the Introduction, specific examples of our model. 
predictions can be found in the literature. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field, Calif. 94035, April. 14, 1977 
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